Organic paints are applied to galvanized or metalized steel surfaces in a duplex 4 system, which is potentially more sustainable than the zinc-rich primer/steel system. A series 5 of experimental tests were performed to measure and investigate adhesion strengths on three 6 different types of roughened zinc surfaces. The contact angles were also measured for freshly 7 formulated liquid paints on the roughened zinc surfaces to test if there is a correlation between 8 the paint wetting property and the adhesive strengths. By comparing duplex system and zinc-9 rich primer/steel qualified North East Protective Coating (NEPCOAT) panels, it was found the 10 paint adhesion of duplex system is as strong as the zinc primer/steel panels based test results.
Introduction

33
For many highway transportation steel structures, a metallic zinc coating is applied to the 34 structural steel to act as a sacrificial layer for corrosion protection. Zinc is applied to steel in 35 three ways -by zinc-rich primer paint, by metalizing (where hot zinc is sprayed onto the steel 36 surface), or by galvanizing (where the steel part is immersed in a molten zinc bath and a zinc 37 layer on the steel).
38
Paints are often applied to the zinc-coated steel surfaces for additional corrosion 39 protection and for an aesthetic color finish. The system of dual protection of steel structure with 40 zinc and paint is called the "duplex system". Although the corrosion protection of steel is 41 regarded to be equal or better than that of the zinc-primer paints on bare steel, the frequent sights 42 of peeled off paints on duplex systems lead to a general impression that it is harder to achieve a 43 good paint adhesion on metallic zinc-coated steel surface than the traditional zinc primer coated 44 bare steel surface. In this project the authors compared the pull-off strengths of painted panels of roughened zinc surfaces, and (2) the verification that low liquid paint contact angle correlates 69 with strong pull-off strength of the cured paints. The adhesion tests were performed on coatings 70 cured less than 1 month old. The long-term salt-spray and electrochemical impedance studies on 71 these test panels have not been done for this paper. In this paper only the adhesion tests before 72 weathering are reported.
73
In the present study three different types of zinc-on-steel substrates were prepared for 74 painting: 75 1. Galvanized and blast roughened test panels (abbreviated as G0b substrates), 76 2. Galvanized and mechanically roughened test panels (abbreviated as G0m substrates), and 77 3. Metalized (thermal sprayed zinc on steel) panels (abbreviated as M0).
78
The wetting properties of different profiled zinc surfaces have not been studied 79 previously, even though the conventional wisdom shared among painters is that if the paint beads 80 up (large droplet contact angles) the paint will not adhere well. One of the objectives of this 81 study is to experimentally measure the wetting properties of a variety of paints on three 82 differently roughened zinc-on-steel surfaces and to correlate with the adhesive strength of the 83 coating after curing. In the field of surface science the liquid droplet contact angle on a solid 84 surface is often used as an indicator for the extent of wetting. In 1964 Zisman (Zisman 1964) 85 discussed the reasons why a small contact angle indicates efficient wetting of the liquid adhesive 86 on solid surfaces, and why wetting of paint is a prerequisite for strong adhesive bonding.
87
A roughened zinc surface is potentially beneficial for stronger paint adhesion for the 
127 Equation (1) shows that wetting of the surface is favored when the value of the surface tension 128 γLV for the liquid-vapor interface is small, and the contact angle θ is small. The dimension of the cold-rolled steel was 4" x 6" x ¼" in, and two types of base panels were 158 used for this study. Type A panel is a steel plate with a U-shaped "channel" welded 
163
Both types of steel panels underwent the following processes for coating with zinc 164 metal and for profiling the surface: (1) they were coated with metallic zinc by either 165 galvanizing or metalizing, and (2) the galvanized plates were roughened by either blasting or 166 by mechanical grinding to produce a profiled zinc surface.
167
Galvanizing were performed by Duncan Galvanizing, Everett, MA and V&S by sweep blasting according to the respective ASTM standards.
172
The thickness of zinc coating by galvanizing ranges from 3.0 to 4.0 mil with RMS 173 thickness at 0.4 mil. The roughness profile for galvanized zinc surface is between 1 to 2 mils.
174
The thickness of zinc coating by thermal spray is 6 to 10 mils. The surface of thermal 175 sprayed zinc is porous with internal channels of complex structures.
177
After the surface profiling is completed, the Type A and Type B panels were used for 178 different purposes. The Type A panels were painted with 4 different commercial paint systems 179 from the NAPCOAT qualified list B (North 2016) to produce panels for adhesion strength tests.
180
The Type B panels were used for the measurement of the wetting property of liquid paint on the NETC.
232
A set of panels containing organic zinc rich primer was prepared as a reference for 233 comparing with the galvanized and the metalized steel test panels. The steel panels were 234 white blasted before application of the zinc-rich primer. The code name "Z" signifying "Zinc 235 rich organic primer" were given for this group of test panels. 5 paint systems are described in Table 1 . The code names C, I, S1, S2 and S3 were adopted in 261 this paper as the abbreviations for the paint systems. interface. The pull off strength was much lower.
236
Fabrication of the Galvanized and Metalized Test Panels
287
An example of the pull-off strength result for a given substrate (e.g. G0m) coated with 288 one of the paint systems (e.g., I) is shown in Figure 5 . Typical standard deviation is 250 to 289 300 psi for the pull-off strength measurements on a specific substrate-paint pair. For example 290 the average strengths (±std dev) for G0m-I and M0-I are 2525 (±260) psi and 1094 (±300) psi.
291
The difference in strengths between different types of zinc surface is significantly larger than 292 the standard deviation of the strength measurement. analyze the shape of the contacting interfaces and to compute the best-fit contact angle.
301
The information about the wetting property of a liquid paint on a zinc-coated surface was 
Contact Angle Measurement Results
308
A typical example of the contact angle measurement was first examined. This initial discussion 309 serves the purpose of familiarizing the reader with the measured data and their implications. 
317
At this point of time the contact angles have better reproducibility and the change of angles after 318 t=6 sec were found to be small enough to be neglected.
319
The figure shows that the contact angle is less than 45 o at t=6 sec which means significant 320 attractive force between the liquid paint and the surface. The contact angle at t=6 seconds was 321 used as a measure of the interfacial interaction. The reason for the 6-sceond delay is that for some more viscous paints, the t=0 seconds droplet had not yet reached mechanical equilibrium 323 immediately after the initial impact at the surface.
324
The contact angle and the droplet height h continued to decrease over time. The diameter 325 of the cap expanded. This time sequence revealed another aspect of the wetting property, i.e., Table 3 shows the average pull-off strength and the liquid paint contact angle (at t = 6 sec) for wetting is poor and the corresponding pull-off strength is not high (in the 1000 psi range). Table 3 
361
The general trend is that the lower contact angles correlate with stronger pull-off 362 strength. This means that despite the high possibility of interfering factors that reduce the 363 correlation, our experimental data do show a certain degree of correlation.
364 Figure 7 shows the scatter plot of Pull-off Strength as a function of the contact angles 365 for all the data pairs of Table 3 . A sloped straight line was inserted in Figure 7 as a visual 
387
Below certain threshold contact angle (in this case ~50 degrees) the pull-off strength is high,
388
and above that threshold angle the pull-off strength is lower. The step function line is drawn pull-off strengths in the 1,500 to 2,500 psi range. However, the same epoxy paints when 429 paired with the metalized zinc surface the pull-off strength is not as strong (in the 900 to 1,100 430 psi range) although higher the NEPCOAT passing score of 600 psi.
431
In the literature there is a perception of poor adhesion of paint on the galvanized steel.
432
The experimental results (from an admittedly small number of tests) suggest that there is no 433 reason to expect poor adhesion in all duplex paints. It was found that the pull-off strengths 434 reach the 1,500 to 2,500 psi range when the zinc surface is profiled with ordinary commercial 4. The correlation between the pull-off strengths and the contact angles.
467
We found there is a negative correlation between the contact angle of a liquid paint droplet and 468 the pull-off strength of the cured paint. As shown in Figure 7 , a higher pull-off strength of a test the connection between the low contact angle and strong adhesion is supported by the data.
475
There is a correlation but not a strong correlation. The imperfect correlation is not unexpected in The correlation between the contact angle and pull-off strength is probably not a linear 480 function judging from the clustering of high-strength and low-angle points. 
